Some biochemical properties of the catalase inhibitor purified from maize scutella are described. The inhibitor is heat-labile and its activity is destroyed by trypsin, indicating that it is a protein. It does not appear to be a lectin nor does the inhibition involve proteolysis. The active inhibitor is a dimer with each subunit having a molecular weight of 5600 as determined by sodium dodecyl sulfate electrophoresis. A kinetic analysis performed in the presence of increasing levels of inhibitor gave unusual Lineweaver-Burk patterns. Possible explanations for these patterns are discussed. The inhibitor is active against all catalases tested from a wide variety of organisms.
(H202:H202 oxidoreductase, EC 1.11.1.6) has been reported; this substance has been purified by affmity chromatography using immobilized catalase (16) . The activity of the inhibitor varies inversely with catalase activity in the scutellum of the germinating seed (17) and constitutes one of several mechanisms regulating catalase activity in that tissue (10, 12, 18) . This report describes some of the biochemical properties of this inhibitor.
MATERIALS AND METHODS
Material. Seeds from the highly inbred lines W64A and 229 were used in all studies. Seeds were imbibed in tap water for 12 to 18 h, transferred to plastic trays lined with moist germination papers, and maintained in the dark at 27 C until use. Seedlings were watered daily.
Inhibitor Preparation and Assay. The inhibitor was purified by a modification of the affinity chromatography method previously described (16) . A scutellar extract was passed through a column containing bovine liver catalase-Sepharose. Following extensive washing with 0.5 M galactose and 0.1 M NaCl, the bound inhibitor was eluted with 1 M NaCl. The galactose wash removed several proteins which apparently adsorbed to the Sepharose matrix. The I M NaCl wash was dialyzed against 10 mM Tris-HCl buffer (pH 7.4) and was stored at 4 C for up to I week. Such preparations lost less than 15% of their original activity during that storage period. The inhibitor was assayed against partially purified maize catalase as previously described (17) .
Trypsin Digestion. Purified inhibitor (1-1.5 mg/ml) was incubated with 200 mg insolubilized trypsin (1. to conduct the digestion. Following incubation, the trypsin was removed by centrifugation at l0,OOOg and the aliquots were assayed for inhibitory activity.
After the initial inhibitor action period (approximately 5 min; Fig. 3 ), no further decrease in catalase activity was observed. This suggests that the centrifugation effectively removed the insolubilized trypsin. Incubation of catalase with insolubilized trypsin under the inhibitor assay times and conditions did not result in a significant decrease in catalase activity.
Mol Wt Determination. The mol wt of the native protein was determined by electrophoresis of purified inhibitor under nondenaturing conditions in gels composed of 9.5, 10.0, 10.5, and 11.0% acrylamide as described by Hendrick and Smith (3) . The inhibitor does not stain well on gels (see "Discussion") and was iodinated with 1251I (6) prior to electrophoresis. The mol wt marker proteins (insulin, Cyt c, chymotrypsinogen, ovalbumin, and BSA) were also iodinated. Protein bands were detected by autoradiography using Kodak XR-5 x-ray film. The iodination did not change the relative migration rates of the marker proteins.
The mol wt of the inhibitor subunit was determined by SDSgel electrophoresis as described by Laemmli (8) , again using iodinated inhibitor and mol wt standards. Gels contained 1% SDS and 12% acrylamide.
Inhibitor Kinetics. The time course of the inhibition was determined by mixing inhibitor and catalase and then assaying the catalase activity remaining at various intervals. The minimum time necessary for the mixing and subsequent assay was 30 s.
A Lineweaver-Burk kinetic analysis of the inhibitor was conducted. H202 concentrations were determined by A at 240 nm (assuming a molar absorbancy of 43.6) nondenaturing and SDS gels. The second isozyme (product of the Cat 2 locus) was also purified to homogeneity by a similar series of separations. The starting material in this case was scutella excised after 7 days germination. Purified enzymes were stored in 50o ethylene glycol at -80 C, and were dialyzed against assay 2 The genes Cat 1 and Cat 2 were formerly designated Ct, and Ct2.
Designations were changed to conform with new guidelines for maize genetic nomenclature.
buffer just prior to use. The purified isozymes then were used in the inhibitor assays.
The effectiveness of the inhibitor against catalases from various sources was determined by substituting crude extracts from various organisms for the maize catalase in the inhibitor assays. All extracts were prepared in 0.1 M Tris-HCl, pH 7.0. The catalase activity in each of the extracts was adjusted to approximately 100 U/ml by dilution with buffer. Organisms used in this study were: Drosophila melanogaster, Saccharomyces cerevisiae, Chlamydomonas reinhardii, Staphylococcus aureus, Pisum sativum, bovine liver (twice-crystallized enzyme from Sigma), human erythrocytes, and maize.
RESULTS
Trypsin Digestion. As shown in Table I , the inhibitor activity can be abolished by treatment with trypsin. Incubating the inhibitor with trypsin for shorter periods of time results in a partial loss of inhibition. The inhibitor is also heat-labile (16) . These data indicate that it is a protein.
Mol Wt. The mol wt of the inhibitor was determined by electrophoresis under nondenaturing conditions in gels of various acrylamide concentrations and under denaturing conditions in the presence of SDS.
The mol wt of the native inhibitor was determined by plotting the mobility of the inhibitor and the mol wt standard proteins versus gel concentration. A secondary plot of the slope of these lines versus the log of the mol wt of the marker proteins can be used to generate a standard curve. The mol wt of the inhibitor (1 1,500 260) was determined from this curve indicated in Figure  1 . On denaturing gel electrophoresis, the inhibitor migrates slightly faster than insulin (5,700 daltons).
The mol wt of the inhibitor determined by SDS-gel electrophoresis was estimated to be 5600 (Fig. 2) . This value is 50%o of the mol wt of the native inhibitor and suggests that the molecule is a dimer.
Inhibitor Kinetics. As shown in Figure 3 , the inhibition reaction proceeds fairly rapidly, the reaction being essentially complete within 5 min at 22 C. The half-life of the inhibitor at this temperature is in exess of 3 h (data not shown), and the observed pattern, therefore, cannot be attributed to lability of the inhibitor itself.
A Lineweaver-Burk analysis reveals that the inhibitor kinetics are complex (Fig. 4) . Km regression lines determined in the presence of increasing amounts of inhibitor intersect substantially to the right of the ordinate. This unusual intersection is not due to inaccurate substrate measurement (see "Discussion"). The apparent Km of the enzyme without inhibitor (142 mM) is in agreement with previously reported values ( 13) . At lower substrate levels (less than about 30 mM), the inhibitor causes the expected reduction in enzyme activity. At substrate concentrations above this point, however, an actual enhancement is observed which is proportional to the amount of inhibitor present. The possible implications of (4, 7) . They were reported not to be proteinaceous and, therefore, appear to bear no resemblance to the maize catalase inhibitor. The maize inhibitor is not a protease. The activity of immobilized catalase, which is depressed by the addition of inhibitor, is fully restored by the 1 M NaCl wash (16 (Fig. 3) also is not consistent with a typical proteolytic curve. Additionally, the inhibitor does not reduce the activities of several other enzymes tested (16; A. S. Tsaftaris and J. C. Sorenson, submitted for publication).
The inhibitor also does not appear to be a lectin. Catalase contains no detectable carbohydrate and is not inhibited by several by several lectins tested (19) . The inhibitor does contain about 12% carbohydrate in the form ofgalactose and its inhibitory effect on catalase can be blocked by galactose-specific lectins or by treatment with fl-galactosidase (19) . The glycoprotein nature of the inhibitor may also account for some of the difficulties in staining it on acrylamide gels.
The native inhibitor appears to be a dimer. A lower mol wt protein can be detected by gel filtration in inhibitor preparations which have been stored for extended periods at 4 C or which have been frozen and thawed repeatedly. This protein does not inhibit catalase but does react with antibodies prepared against purified inhibitor (A. S. Tsaftaris and J. C. Sorenson, manuscript in preparation). If this peak represents inhibitor subunits, it would appear that the dimeric structure is necessary for the inhibition of catalase.
There are several possible explanations for the unusual kinetics in Figure 4 . The accuracy of the substrate concentrations is indicated by the fact that two independent methods were used to make the determinations and that the Km in the absence of inhibitor agrees with previously reported values (13) . Actual data points were taken to the left of the intersection point, ruling out inaccurate substrate determinations as a possible explanation. The inhibition is reversible under high-salt conditions (16) and under the standard assay conditions presented here as well. The amount of inhibition observed is a function not only of the amount of inhibitor present, but also of the amount of catalase present. It is this equilibrium function which allows the inhibitor to be assayed in crude extracts (which also contain endogenous catalase). Catalase activity and inhibitor activity can be detected in the same extract.
The unusual pattern appears to be due to an enhancement of catalase activity at high substrate concentrations in the presence of inhibitor. The degree of enhancement is directly correlated with the amount of inhibitor in the assay mixture. One can envision three mechanisms for such an enhancement. It is conceivable that there could be some inactive catalase in the inhibitor preparation which is reactivated under high substrate conditions. This possibility is ruled out by the symmetrical protein elution profile of the purified inhibitor during gel filtration. Since the catalase tetramer mol wt (280,000, ref. 11) and subunit mol wt (70,000) differ substantially from the mol wt of the inhibitor, contamination by catalase subunits (or any multiple thereof) should be readily detectable by gel filtration. Second, the inhibitor preparation shows no catalase activity even when assayed under the high substrate conditions where the enhancement was observed.
A second possible explanation of the observed phenomenon is that the inhibitor could provide protection against enzyme inactivation by the substrate, H202. Such inactivation has, in fact, been well-documented (1) . If the inhibitor acts by reducing the efficiency of a given enzyme molecule (as opposed to an all-ornone competitive or a dead-end type inhibition) and if the inhibitor also serves a protective function, one can envision a point where the protective effect exceeds the inhibitory effects. At this point, the activity of the enzyme plus inhibitor should be greater than the unprotected control. Higher levels of inhibitor should increase this effect. A discussion of a somewhat analogous situation has been given by Segel (14) .
It has been shown that the catalase Km values derived by double-reciprocal plots can be influenced by the formation of inactive catalase peroxide complexes (1) . This cannot explain the enhancement effect, nor does it detract from the inhibitor-protective agent dual effect as an explanation of the unusual double reciprocal plots. It does preclude determinations Ki by this method. The plots are provided here to demonstrate the unusual relationship between substrate concentration and effects of inhibitor on catalase activity.
A third explanation for the observed pattern is that the inhibitor might exhibit a bifunctional effect, so that it inhibits catalase action at low-substrate concentrations but enhances the enzyme activity at high-substrate levels. Such a bifunctionalism could be due to an array of mechanisms (e.g. allosteric interactions between the inhibitor and H202). However, the data obtained thus far do not warrant further speculation on the matter. This possibility is attractive in the biological context. H202 is necessary for certain biological oxidations (21) , and catalase would seem to be antagonistic to these processes under conditions of limited H202. High levels of this substrate are deleterious, however, and, under conditions of high peroxide production, expeditious removal by catalase would be desirable. The existence of a molecule which could control this process thus seems attractive. The authors are currently examining these possibilities more closely.
The inhibitor is effective against catalase from all of the sources tested. These sources represent a wide evolutionary array and the data would seem to indicate a degree of conservation in catalase evolution. Immunological cross-reactivity between Micrococcus and bovine liver catalase has also been demonstrated (I 1), further establishing evolutionary conservation of enzyme structure. In light ofthe broad spectrum ofsensitive catalases, it is not surprising that no difference is observed in the sensitivity of the two maize isozymes to the inhibitor.
It is becoming apparent that endogenous enzyme inhibitors may be an important aspect of the intracellular regulation of enzyme activity (e.g. refs. 2, 5, 9, 15, 20) . The studies described here add to the knowledge of the catalase inhibitor and, hence, may further an understanding of this regulatory strategy.
